Lifetime measurements have been made for the radiation emitted in the ground term transitions of the nominal form 5s 2 5p 6 5d x 6s 0 5s 2 5p 6 5d x 6p in Ta ii (x=3), W ii (x=4) and Re ii (x=5). Supporting theoretical calculations have also been performed to characterize conguration interaction and to estimate the degree of decay branching of the upper levels. The lifetime measurements have been combined with these theoretical considerations and with branching fractions deduced from the emission measurements of Corliss & Bozman to specify the oscillator strengths of these transitions. The results are discussed in the context of spectroscopic data obtained from orbiting telescopes, and applied to Hubble Space T elescope spectra to estimate the tungsten abundance upper limit in Sirius to be [W/H] = +0.3 dex.
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INTRODUCTION
The singly-charged ions Ta ii, W ii, R e ii, O s iiand Ir ii have ground congurations 5s 2 5p 6 5d x 6s outside a lled n=4 core, where 3x7. These ions therefore possess quasi single electron resonance transitions of the nominal LS form 5d x 6s-5d x 6p which are inuenced by screening, intermediate coupling (IC) , and conguration interaction (CI) because of the open 5d subshell. This is in contrast to the corresponding neutral atoms, for which 5d x+1 6s lies above the ground conguration which is 5d x 6s 2 . The ionic 5d x 6s-5d x 6p transitions are particularly strong between levels of high J within terms of maximum spin multiplicity. These transitions have been proposed for diagnostic uses in the interpretation of astrophysical data obtained from space telescopes, which motivates the study of their oscillator strengths. We report here a combined experimental and theoretical study of Ta ii, W ii, and Re ii.
The potential use of the absorption spectra of the Ta ii, W ii and Re ii ions in the region A for astrophysical abundance determinations and for spectrum synthesis makes their experimental study of signicant interest. While the J dependent ne structure splitting in the ground term of these systems can be substantial (0.8 eV in Ta ii), restricting their applicability for interstellar medium studies to true ground state transitions, these levels are all accessible to absorption studies in warm stars. However, the richness and complexity of these spectra impose severe limitations on the specication of absolute oscillator strengths, either by relative absorption or emission methods or by lifetime measurements, because of the need for reliable branching fractions.
Although a number of experimental studies of lifetimes and oscillator strengths in Ta ii and W ii have been reported (Bergstr om et al. 1986 , Clawson & Miller 1973 , Kwiatkowski et al. 1984 , Langhans et al. 1995 , Michelt & Mentel 1993 , Obbarius & Kock 1982 , Schade & Helbig 1986 , only two examples of transitions of this type were included (Bergstr om et al. 1986 , Schade & Helbig 1986 . A recent lifetime and branching fraction measurement (Wahlgren et al. 1997) reported results for one transition of this type in Re ii.
BRANCHING FRACTIONS
The conversion of measured lifetimes to absorption oscillator strengths requires the specication of branching fractions, and the large amount of excited core CI that occurs here makes it dicult to rule out any transition on criteria other than energy, parity, and angular momentum. While the even parity ground terms generally consist of a single dominant conguration, both the large manifold of excited even congurations and the upper level odd conguration (which we have nominally denoted as 5d x 6p) are heavily mixed due to the extensive CI from the multiple open shells. For that reason, we shall denote the upper level as [n th (J) 0 ], where n is its energy ordering among odd parity levels of total angular momentum J. An energy level diagram for the [3 rd (5) 0 ] i n T a ii in shown in Fig.1 which indicates the even parity levels that are not ruled out as decay c hannels by energy, parity, and the 1J=0, 61 selection rule.
Three signicant factors can serve to limit this branching: (a) the wavelength-cubed factors tend to favor transitions to the ground term; (b) the levels of highest angular momentum in the lower and upper states tend to have fewer available branches, and; (c) some 5d x cores are especially tightly bound, depressing the 6p below most of the core-excited even parity levels. Thus, cases may exist in which a single ground term branch dominates the decay of the upper level. We have therefore attempted to make theoretical estimates of relative strengths of the various branches.
The Re ii ion qualies under factor (c) above. Its 5d 5 \closed-halfshell" core is exceptionally tightly bound (Catal an et al. 1954 ). In accordance with Hund's Rule, tight binding favors the septets (with all six electron spins aligned) since this maximizes the repulsive separation of the electrons in the spatial wave functions. Because all ve d electrons have m s =+1/2, each has a separate value of m l ={2,{1,0,1,2, producing tight magnetic pairing between the m l =62 and 61 states (with the degenerate m l =60 \pair"). Thus the core has the maximum possible spin (S=5/2) and the minimum possible orbital (L=0) angular momentum. Because of this, the number of core excited levels that lie below 5d 5 6p (and hence the number of decay c hannels that compete with 6s-6p) is substantially reduced relative to the other ions considered here. Thus for Re ii it is possible to specify the decay by a small number of branching fractions, which can be used to deduce oscillator strengths from lifetime measurements. (However, this reduction in the available exit channels increases in the number of entrance channels, and can worsen cascade repopulation eects in measurements by non-selective excita-tion methods.)
Branching fraction estimates can be obtained from the extensive tables of transition probabilities derived from arc spectra line intensities by Corliss & Bozman (1962) . It is well known (Whaling et al. 1970 ) that these transition probabilities provide neither an absolute nor a self consistent set of values, so care must be exercised in their use. In general, the normalization of these quantities must be corrected for: (a) an error in the determination of the concentration of radiating atoms in the arc source, which requires that the Avalues be renormalized to measured lifetimes through a summing over nal states, and; (b) errors in the determination of the level populations in the arc source due to either a lack of thermodynamic equilibrium or an inaccurate temperature determination, which causes the renormalization factor to depend on the excitation energy of the upper level. Since branching ratios involve the comparison of relative transition probabilities from the same upper level, neither the overall normalization nor the arc temperature should aect their validity. In selected cases where branching can be accurately specied using intermediate coupling amplitudes obtained from spectroscopic data, the branching fractions deduced from the Corliss & Bozman data have been found to be reliable (Curtis 1998) .
To convert branching ratios to branching fractions it is necessary to estimate the magnitude of any branches that were not measured. Since the measurements of Corliss & Bozman (1962) are limited to the spectral range 2000 9000 A , theoretical calculations were also used to determine whether any signicant branches occur outside these spectral limits, and to estimate the contributions of large numbers of very weak decay c hannels. A tabulation of the branching fractions obtained from the measurements of Corliss & Bozman is given in Table 1 for the upper levels corresponding to our lifetime measurements.
EXPERIMENT
This experiment utilized the University o f T oledo Heavy Ion Accelerator, and detailed descriptions of this facility are provided in the reports of earlier studies in this series (Henderson et al. 1996 (Henderson et al. , 1997 , and in instrumentation reviews . Singly-and doubly-charged ions were produced in the ion source, accelerated through 20 kV, and magnetically analyzed. After momentum and mass-to-charge selection, the ions were postaccelerated through 210 keV to their nal pre-foil energies (230 keV for singly-charged ions, 460 keV for doubly-charged ions). The ions then entered an electrostatic switchyard and were steered into the experimental station and collimated before passage through a thin (2.1-2.5 g/cm 2 ) carbon foil. There is charge state equilibrium within the foils at these energies and foil thicknesses, and the 460 keV energy of the accelerated doubly-charged ions beam corresponds approximately to maximum production of singly-charged ions after the foil. Accordingly, the charge current in the Faraday cup with the foil in place was almost exactly half that obtained with the foil removed. At the energy of 460 keV doubly-charged beams, the observed spectroscopic excitations were primarily in Ta ii (Kiess 1962 , Wyart 1977 , Wyart & Blaise 1990 , W ii (Laun 1964 , Wyart 1977 , Cabeza et al. 1985 , Wyart & Blaise 1990 , and Re ii (Meggers 1958 , Wyart 1977 with some singly-and triply-charged ions. The 230 keV singly-charged beam produced primarily neutral lines, which facilitated their identication in the higher energy spectra.
The emission lines were analyzed with an Acton 1-m normal incidence VUV monochromator with a 600 l/mm grating coupled with a bialkali detector. The post foil velocity was determined from the machine calibration and foil energy loss, with estimated tolerances that include uncertainties in energy calibration and foil thickness, as well as from possible beam divergence. The ions were produced from the pure metals in the Danfysik Model 911A ion source. To minimize foil breakage, the current was limited to 100 particle nanoamps.
Although the principal cascade repopulating transitions were not accessible to measurement, cascade distortions in the decay curves were found to be small and tractable. The tting procedure was carried out using the non-linear least squares multi-exponential tting program discrete (Provencher 1976) . Since curve tting of individual decay curves does not possess the internal consistency checks available when cascade-correlated decay curve analysis (andc) methods (Curtis et al. 1971 ) are employed, non-statistical errors were systematically investigated. The uncertainties in our multi-exponential ts were computed by combining statistical uncertainties in the individual ts, scatter among the independent measurements, uncertainties in the beam velocity, and estimates of possible errors introduced by cascade cor-rections.
THEORETICAL CALCULATIONS
Calculations of transition probabilities and intermediate coupling eigenvectors were performed using the program suite of Cowan RCN-RCG-RCE (1981) . The relativistic Hartree-Fock ( hfr) mode was used, in which the leading single-particle relativistic corrections are included in the self-consistent-eld procedure. The transitions of interest involve e v en-parity levels of the ground term 5d x 6s and fairly high-lying odd-parity levels of low excited congurations 5d x 6p and 5d x01 6s6p. We considered three even-parity (5d x 6s, 5 d x01 6s 2 , 5 d x+1 ) and two odd-parity (5d x 6p, 5d x01 6s6p) congurations which for these three systems have values x=3, 4, 5. To improve the agreement between computed and observed energy levels, we used a semiempirical least-squares approach, treating average energies, Coulomb integrals, spin-orbit integrals and CI integrals as adjustable parameters.
For the odd-parity levels of interest our calculation often yielded eigenvector purities of 50% or less in the LS representation. Due to a plethora of very strongly mixed levels, relative ordering of energy levels with given J value can be sensitive to the strengths of various interactions, and a much more elaborate calculation would be required to determine quantitatively the wave functions for these levels. It was therefore to restrict our studies to qualitative estimates of the magnitudes of branching ratios due to possible competing decay c hannels.
RESULTS
The measured lifetimes are presented in Table 2 . The LS designations are given for the even parity ground term levels, but (as indicated earlier) the excited levels are denoted only by their energy ordering among (J) 0 levels. The possible branching of these levels is illustrated in Fig.1 for the third and fourth energy ordered J=5 odd levels in Ta ii. The observed transitions are indicated, as are the levels that are accessible (ie, not ruled out by energy, angular momentum, or parity conservation) as decay branches. Theoretical calculations indicate that the branching is sharply reduced with increasing J of the upper level. The Re II lines were weaker in our spectra than those of Ta II and W II and (as described above) have more possibilities for cascade repopulation, and have correspondingly larger error bars. Our result for the lifetime measured in the W II 2275.25 A transition were consistent with the measurement of Wahlgren et al (1997) . Since that measurement was done by selective excitation which eliminates both cascading and the possibility of blending from the Re I line at 2274.62 A our measurement of this transition should be considered as a consistency check, and the result of Wahlgren et al. (1997) should be adopted. Table 2 also lists oscillator strength values that were computed using the lifetimes measured here and the branching ratio measurements of Corliss & Bozman (1962) . In computing uncertainty estimates we have combined our quoted lifetime uncertainties with an estimated 20% uncertainty in the branching ratio values. For the Re II 2275.25 A w e h a v e used the lifetime, branching fraction, and oscillator strength values of Wahlgren et al. (1997) .
THE W ABUNDANCE IN SIRIUS
The identication of spectral lines of tungsten in stellar spectra have been limited to a few chemically peculiar stars. W I was claimed to be identied in several Ba stars (Danziger 1965 , Warner 1965 ) and the magnetic Ap stars 73 Dra (Guthrie 1972 ) and HD 25354 (Jaschek & Brandi 1972) . In ultraviolet spectra W II was marginally identied in the Ap star 2 CVn by Hensberge et al. (1986) using wavelength coincidence statistics, and the line W II 2204 was investigated with synthetic spectra for 73 Dra (Severnyi 1986 ). All of these identications can be considered questionable on the grounds of incomplete line blending.
The metallic-line star Sirius (A0 Vm) was the subject of a search for several heavy elements by Sadakane (1991) using ultraviolet spectra from the Copernicus orbiting telescope. A previously unidentied absorption feature at 2030 was attributed to W II and its strength indicated a tungsten abundance decient by 0.5 dex relative to the solar value. Two other lines, W II 2008, 2079 A were determined to be too blended for analysis. The line oscillator strengths used by Sadakane were taken from the compilation of Kurucz & Peytreman (1975) which were enhanced over the experimental work of Corliss & Bozman (1962) . Thus, the accuracy of the often quoted W deciency for Sirius relies greatly upon the line gf values employed in the analysis.
We address the abundance of tungsten in Sirius through the application of our experimentally deter-mined lifetimes to spectra obtained with the Goddard High Resolution Spectrograph (GHRS) onboard the Hubble Space T elescope (HST). The spectra were obtained as part of the HST GO 3496 program and are described by Wahlgren et al. (1999) . The use of the GHRS rst-order gratings provides a spectral resolving power (R = 1/ = 24000 to 32000) which is well matched by the inherent resolution of the stellar rotational velocity of vsini = 16 km s 01 (Kurucz et al. 1977) . The signal-to-noise ratio of the data is typically in excess of 200.
The spectra were analysed using a synthetic spectrum technique in which the observed line proles were tted with a spectrum generated by the SYN-THE program (Kurucz 1993) . A model atmosphere for Sirius (Wahlgren et al. 1999 ) was generated using the ATLAS9 program for an eective temperature of T eff = 9850 K, a luminosity given by log g = 4.30, and a turbulent velocity of 1.5 km s 01 . The atomic line data are also taken from Kurucz (1993) Ekberg, Kling, & Mende (1999) . These measurements do not show line structure attributable to hyperne structure (hfs) or isotopic shift, despite the fact that tungsten possesses four stable isotopes (A = 182, 183, 184, 186) of comparable terrestrial fractional abundance (26.3, 14.3, 30.7, 28 .6 %, respectively). The W II lines were therefore represented as single-componentstructures in our synthetic spectrum analysis. Line broadening due to radiative and collisional mechanisms have been incorporated according to the semi-empirical expressions provided by Kurucz (1993) . Oscillator strengths for W II lines are those presented in this paper.
We h a v e i n v estigated the four W II lines presented in Table 2 in the spectrum of Sirius. For all lines the synthetic spectrum has been scaled to the absolute ux level of the observation using a wavelength interval which is typically 10 A in breadth. Abundances for the iron-group elements have been determined using ultraviolet spectral lines possessing experimental oscillator strengths listed in the compilation of , and . Discrepancies which are evident in the gures between the observed and synthetic spectra reect missing lines in the linelist, as well as errors in the gf values. We briey discuss the results of our abundance analysis for these lines.
W I I 2008.095 : This line would seem to be the most favorable of the four for the determination of the tungsten abundance. It has the largest gf value and is aected by a reasonably small amount of line blending. The best t to the spectrum occurs for an abundance of (W/H) = log N W = 1.6 (on a scale where log N H = 12.00), which is approximately a 0.5 dex enhancement over the solar tungsten abundance listed by Anders & Grevesse (1989) . This estimate can be aected by the ux calibration of the instrument. As seen in Fig. 2 Sadakane (1991) to derive the tungsten abundance in Sirius. The GHRS spectrum shows the observed feature to be broad and shallow, and the synthetic spectrum t is poor (Fig. 3) . The feature depth can be matched with a 1.0 dex tungsten enhancement; however, its width can not be matched by solely considering the W II line. The solar tungsten abundance calculation shows a shallow depression, attributed to weak lines (Cr II 2029 .977, Mn II 2030 .107, Fe I 2030 .097, Fe III 2029 .920, 2030 .036, Cu II 2029.040) which were not included in the calculations by Sadakane. Increased absorption from these or unknown lines is required to t the feature. Such an increase in absorption will likely necessitate a reduction in the tungsten abundance. Additional line absorption cannot be realized from hfs of the W II line. Therefore, from this line the tungsten abundance would need to be less than the value designated by the [W/H] = log (N W /N H ) Sirius 0 log (N W /N H ) Sun = +1.0 dex enhancement.
W I I 2079.118 : Figure 4 shows that at the solar abundance level for tungsten there is missing absorption in the synthetic spectrum. A very good t can be achieved at a tungsten abundance enhancement o f +1.4 dex. This enhancement level is not supported by the other lines studied, as this strength would produce obvious absorption features. Either the feature contains additional lines that are unaccounted for in our synthetic spectrum linelists or the treatment of this line for its oscillator strength is not correct.
W I I 2204.483 : This line is the least aected by line blending of the four W II lines we have studied. The high resolution (R = 80000) GHRS spectral atlas of the cool HgMn star Lupi (Brandt et al. 1999) shows that there are no spectral lines within 6 0.1 A of the W II wavelength. Wahlgren et al. (1998) computed gf = +0.88 for this transition using the Cowan code (Cowan 1981) and derived an upper limit for the tungsten abundance in Lupi to be [W/H] = +0.5 dex. Our analysis for Sirius supports a tungsten abundance no greater than approximately [W/H] = +0.3 dex. There is a shallow depression of the spectrum at 2204.4 A of unknown origin (Fig. 5) , which when properly treated may aect the tungsten result. Also, due to the weak nature of the W II line we must again be concerned that a small error in the GHRS ux calibration could aect the result.
The results of our analysis present a range ([W/H] = +0.3 to +1.4) in the upper limit of the tungsten abundance from the use of four intrinsically strong lines of W II. We interpret this range as a reection of line blending and deciencies in our knowledge of all absorption lines contributing to the observed features. The four transitions all involve terms of similar energy, so we may reasonably assume that they are formed at similar depths in the stellar atmosphere and negate the potential eects from non-LTE physics within the atmosphere for lines arising from very different excitations. In light of the experimental oscillator strengths presented in this study the GHRS spectra of Sirius will support an upper limit to the abundance of tungsten as [W/H] < +0.3 dex.
CONCLUSION
Lifetime measurements have been combined with branching fractions deduced from the emission measurements of Corliss & Bozman to specify oscillator strengths for ground term transitions in singlycharged ions of Ta, W, and Re. Theoretical calculations were made, but the results for both the lifetimes and the branching fractions were very sensitive to the details of the conguration interaction included. We estimate that the lifetime determinations are of a precision of approximately 10%, whereas the oscillator strengths are uncertain to approximately 20%. The measurements were applied to spectra obtained with the GHRS onboard the HST to yield the upper limit to tungsten in Sirius to be [W/H] = +0.3. (Wyart 1977 , Kiess 1962 ; W ii (Laun 1964 , Cabeza et al. 1985 , Ekberg et al. 1999 ; Re ii (Meggers 1958 Wahlgren et al. 1997. 
